The physiological characteristics of work in cold stores, as a typical artificial cold environment, are reviewed mainly from our various field and experimental studies. There are about 4,000 cold stores in Japan, and 85% of them are kept at temperatures below Ϫ20°C. Although the duration of cold exposure per stay in a cold store was very short, forklift workers entered the cold stores very frequently. Cold stress and the decrease in workers' performance were the same as for continuous exposure to cold. Since the peripheral skin temperature of subjects at night is higher than that in the afternoon, they are less likely to feel cold or pain sensation at night. However, there was a marked decrease in rectal temperature and in manual performance. There is an increased risk of both hypothermia and accidents for those who work at night. The cold store workers, however, had adapted to cold through daily repeated cold exposures.
Introduction
There are two types of cold workplaces, outside workplaces in winter and artificial cold environments. Work in the outside in winter is done after the workers are acclimatized to the cold. On the other hand, work in artificially cold environments is done in all seasons. Therefore, work in artificially cold environments may be more stressful to the workers, except in winter.
Cold stores are the most common artificial cold work environments. There are about 4,000 cold stores in Japan, and 85% of them are kept at temperatures below Ϫ20°C. Work in such severely cold environments may have adverse effects on manual performance, and may be associated with specific medical problems (Tanaka et al., 1993) .We conducted several surveys, investigating the work loads of workers in cold stores using questionnaires (Tochihara et al., 1979) and time studies (Tochihara et al., 1990 (Tochihara et al., , 1995a . We also did experimental studies with climatic chambers to simulate work in cold stores.
We previously reported simulated experiments that focused on the effects of different temperatures, or different exposures (exposure times and repetitions), on the following: thermal responses when the total cold exposure was kept the same under each condition (Tochihara et al., 1989 (Tochihara et al., , 1995b ; thermal responses with and without cold protective clothing in a warm environment after severe cold exposures (Tochihara et al., 1993) ; thermal responses from repeated exposures to severe cold with intermittent warmer temperatures from repeated exposures to severe cold with intermittent warmer temperatures (Ozaki et al., 1998) ; and thermal responses at night (Ozaki et al., 2001) .
In this paper, the characteristics of work in cold stores are summarized from our several field studies and experimental studies.
Surveys

Questionnaire survey
The survey with questionnaires was addressed to workers in 377 cold stores and was conducted to investigate their working environments and conditions (Tochihara et al., 1979) . The most common temperature in cold stores is Ϫ20°C to Ϫ30°C. Recently, however, cold stores with temperatures of Ϫ40°C to Ϫ50°C have been established. There are between 30,000 and 40,000 workers who work in cold stores in Japan. As the set temperature of the cold store rooms is made lower, the working time in the cold becomes shorter and the cycle becomes more frequent. The most frequent physical complaints of cold store workers were "lumbago", "cold", "neuralgia" and "rheumatism". The extreme coldness and the large temperature difference between the inside and the outside of the cold stores should also be considered a cause of health problems, in addition to the working conditions.
Field survey
The subjects were 10 forklift-truck workers (Group R) in two cold stores (air temperature was between Ϫ20.3°C and Ϫ23.2°C) and 8 forklift-truck workers (Group C) working in a general storehouse (air temperature was between 12°C and 15.2°C). From the start to the end of the working day, the investigators followed the workers. They checked the amount of time spent in the cold store and the number of cold exposures, etc. Heart rate and skin temperature at four points (cheek, chest, finger and toe) were measured every minute during work (Tochihara et al., 1990) . Hand tremor, handgrip strength, pinch strength, performance of a counting task, flicker value and blood pressure were measured five times (before work, at 10 a.m., before lunch, at 3 p.m., and after work) per day. Blood samples were collected before lunch (Tochihara et al., 1995a) .
The working hours of Group R were longer than those of Group C. As the work of Group R was very irregular, they could not rest regularly. The mean cold exposure time for Group R was 125 minutes per day. The mean frequency of entering the cold stores was 73 times per day, which was much greater than reported earlier. Although the duration of cold exposure per stay was very short (less than 5 minutes), the workers entered the cold stores very frequently, and the skin temperatures at peripheral parts decreased markedly. The averages of the lowest skin temperatures at the 4 points on the skin surface are presented in Fig. 1 for both groups. The lowest skin temperature at the chest showed no significant difference between the groups. On the other hand, the lowest skin temperatures at the cheek, finger and toe for Group R were significantly lower than those for Group C. The mean values of the lowest skin temperatures at the cheek, finger and toe for Group R were 16.9°C, 11.0°C and 15.1°C, respectively. Therefore, when we set the threshold limit values for work in cold temperatures, we must regulate not only the consecutive cold exposure time but also the total cold exposure time in an hour.
The free fatty acid (FFA) value in Group R was significantly higher than that in Group C. There were no significant differences in handgrip strength, pinch strength, counting task performance, and flicker value between Groups R and C. However, the changes in hand tremor and diastolic blood pressure in Group R were significantly greater than those in Group C. Only in Group R, there was a significant relationship between FFA and the hand tremor values measured the second time (Fig. 2) . The work loads of Group R would be increased by not only the extreme coldness but also by the large temperature difference between the inside and the outside of the cold stores. The actual forklift work in these cold stores did not cause a distinct reduction in manual performance, but caused an increase in stress which would be expressed as an increase in catecholamine excretion.
Experiments
Repeated cold exposures
Numerous studies have been conducted to demonstrate the effects of long-term exposure to cold. On the other hand, investigations of the effects of repeated cold exposures on health, physiological responses and performance are limited in number (Tochihara et al., 1989) . However, these kinds of cold exposures have rapidly become more common in industry. For example, the jobs that involve working in cold stores have been changing from manual jobs, such as those performed by porters, to sedentary jobs, such as those performed by forklifttruck workers. Therefore, although workers are not exposed to severe cold for a long time, they have to go in and out of cold storage areas frequently (Tochihara et al., 1990) .
This study was conducted to investigate the effects of different exposure rates on thermal responses, with the total cold exposure time the same under each of the conditions (Tochihara et al., 1995b) . After resting in a warm room (25°C) for 10 minutes, six male students wearing standard cold protective clothing (3.26 kg, 2.4 clo) entered an adjoining cold room (Ϫ25°C). Each 5-, 10-and 20-minute cold exposure was repeated 12, 6 and 3 times, respectively. Each cold exposure was followed by a similar duration of rest at 25°C. The total cold exposure time was the same under each of the three conditions. Rectal temperature, skin temperature, blood pressure, 17-OHCS, performance of a counting task and subjective responses were measured. At the end of the cold exposure, skin temperatures in the shorter exposures were higher for those who underwent the shorter exposures than for those who were exposed under the other conditions, except on the foot. However, there were no differences among the three experimental conditions in the fall of rectal temperature and urinary excretion of 17-OHCS, which are good indices of cold stress. Moreover, the increase in blood pressure and the decrease in performance of the counting task due to cold were not different among the three conditions. Even though the cold exposure time for each stay was short, when cold exposures were repeated frequently, the cold stress of the whole body and the decrease in manual task performance were the same as in the longer exposure when the total cold exposure time was the same.
Work at night
With the recent development of chain stores selling frozen food, the potential for working in cold stores has increased to 365 days a year and 24 h a day, usually worked in shifts. Since much of this work involves frozen fish, about 40% of workers work the night shift in order to deliver fish to the markets in the early morning (Tochihara, 1986) . We evaluated human physiological responses and the performance of manual tasks during exposure to severe cold at night and in the afternoon (Ozaki et al., 2001) . Thirteen male students, wearing standard cold protective clothing (3.26 kg, 2.4 clo), were exposed to severe cold in the afternoon (3-5 p.m.) and at night (3-5 a.m.). The schedule used in this study was chosen for two reasons: first, it tested responses at the most common time for the delivery of frozen foods, and second, it tested responses at the time that the core temperature reaches its maximal and minimal levels.
The subjects were kept in a severely cold room (Ϫ25°C) for 20 minutes; thereafter, they were placed in another room (10°C) for 20 minutes. This pattern was repeated three times, with the total cold exposure time amounting to 60 minutes. Rectal temperature, skin temperatures, manual dexterity, blood pressure and thermal comfort were measured during the experiments.
At the beginning of the experiment, rectal temperatures in the afternoon were significantly higher than at night due to the subject's circadian rhythm. The fall in rectal temperature during cold exposure at night was significantly greater than that during cold exposure in the afternoon (Fig. 3) . Although there were no significant differences in mean skin temperature between afternoon and night, finger and toe skin temperatures at night were significantly higher. These higher skin temperatures on the peripheral parts of the body would imply an increased heat loss, which could cause a decrease in rectal temperature. This phenomenon represents a change in the setpoint. Since the peripheral skin temperatures of subjects at night are higher than those in the afternoon, the subjects are less likely to feel cold or pain sensations at night.
While the peripheral skin temperatures at night were higher than those in the afternoon, manual performance at night was significantly lower than that in the afternoon, from the beginning of the experiment. Consequently, we suggest that there is a decrease in manual performance during night work. Since the coefficients of correlation between mean body temperature and manual dexterity were significantly greater than those between finger skin temperature and manual dexterity, we suggest that the decrease in manual performance at night was more affected by the decrease in the whole body temperature, which was expressed by mean body temperature.
In conclusion, we found that exposure to severe cold at night had an asymptomatic effect on workers that decreased both their rectal temperature and their manual performance. These findings suggest that there is an increased risk of both hypothermia and accidents for those who work at night.
Cold store workers
Many studies have been conducted to investigate the effects of severe cold on the human body. Most of these results, however, were obtained from experimental subjects, such as students and soldiers, who did not have exposure to severe cold in their ordinary lives. It may be possible, therefore, that there will be differences between those who are or are not habitually exposed to cold. Hence, this study was conducted to evaluate the influence of different working temperatures on thermal responses to severe cold (Nagai et al., 1998) .
Sixteen healthy male subjects wearing standard cold protective clothing (3.26 kg, 2.4 clo) volunteered to be the subjects. One group (Group R) consisted of 8 cold store workers who had worked operating forklifts for more than 4 years. Another group (Group C) consisted of 8 workers in ordinary thermal environments. There were no significant differences in age, height or weight between the groups. The subjects were kept in a severely cold room (Ϫ25°C) for 20 minutes; thereafter, they were placed in another room (10°C) for 20 minutes. This pattern was repeated three times, with the total cold exposure time amounting to 60 minutes. Rectal temperature, skin temperatures, manual dexterity, blood pressure and thermal comfort were measured during the experiments.
Rectal temperature fell gradually with time in both groups. At the end of the 3rd cold exposure, the declines in rectal temperature for Group R and Group C were 0.24°C and 0.41°C, respectively. These values significantly differ. Finger skin temperature fell gradually with time for both groups, but the decrease in finger skin temperature for Group R was significantly less than that for Group C. The mean value for the assessment of thermal sensation for Group R was significantly lower than that for Group C. The mean values for pain sensation at the peripheral parts of the body were lower for Group R than for Group C. There were no significant differences in manual performance between the groups.
The cold store workers had adapted to cold through repeated cold exposures; their resistance to cold was superior to that of the unconditioned workers. Therefore, when we set a threshold limit value for workers in cold environments, we must consider the degree of the workers' adaptation to cold.
From these field and experimental studies, we were able to measure the physiological strain placed on cold store workers, and to evaluate their work environments. However, more studies, such as a precise epidemiological study, and a study on seasonal differences in the physiological strains due to severe cold, are needed.
